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An increase of the efficiency of spectrum usage requires the development of new com-
munication techniques. Cognitive radio may be one of those new technique, which uses
unoccupied frequency bands for communications. This will lead to more power in the
bands and therefore an increasing level of Radio Frequency Interference (RFI), which
would cause loss of operation particularly for passive users of the spectrum, such as ra-
dio astronomy. This paper will address this issue and will present calculations indicating
that the impact of cognitive radio on radio astronomy observations is considerable. The
signal levels resulting from cognitive radio systems indicate that spectral bands used for
cognitive radio applications cannot be used for radio astronomical research.
1 Introduction
Cognitive radio has been proposed as an effective way to optimize future spectrum use.
The vision of the Wireless World Research Forum [1] is that 7 trillion wireless devices
are serving 7 billion people in 2017. In this vision all people will be served with wireless
devices. These devices are affordable to purchase and operate, they provide ambient
intelligence and context sensitivity, and all devices are part of the (mobile) internet.
Besides the increase of wireless devices per person, also the data rate requirement will
increase very fast. The expected data rates for wireless communication systems will grow
exponentially, even up to 100 Gbps in 2017 [1]. Such data rates will created a shortage
of spectrum and requires an increased spectral efficiency as well as more intelligent ways
of accessing and allocating the spectrum. Due to the increasing number of users and the
associated bandwidth requirements, new adaptive spectrum sharing and re-use models
have to be designed and the spectral efficiency of future wireless radio systems has to
be increased. This includes research on smart antennas and antenna systems (including
distributed antenna systems), cooperative systems, cognitive radio and intelligent wireless
systems, and software defined radio.
Although a more efficient use of the spectrum is needed for fulfilling these needs for the
future, the question is whether the cognitive radio technique can co-exist with passive
users of the spectrum. In this paper we will address the question on one of the most sen-
sitive passive users, radio astronomy. Radio astronomy uses the radio spectrum to detect
weak emissions from sources in the Universe. The frequencies at which these emissions
can be detected are completely determined by the physical processes. In general, the
whole electro-magnetic spectrum contains information on the physics of celestial sources.
The received signals of interest are very weak. Typical instantaneous SNRs ranges from
-30dB to -60dB, and in long integration observations the SNR can easily go beyond -
80 dB. Therefore the susceptibility of radio astronomy systems to interfering signals is
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high. That is one of the reasons that radio astronomical instruments are located at less-
populated and remote areas. Also internationally accepted regulatory efforts are made to
protect certain frequency bands for passive use.
The outline of this paper is as follows. After a brief discussion of cognitive radio in sec-
tion 2, a more detailed look at the spectrum use by radio astronomy is given in section 3.
A brief description of established harmful interference levels for radio astronomy instru-
ments is presented in section 4. The impact of cognitive radio systems on astronomy and a
discussion on how these two kinds of spectrum users can work together will be discussed
in section 5. In section 6 we will end with conclusions and suggestions for future work.
2 Cognitive radio
Reports of recent FCC measurements conclude that many licensed frequency bands are
unused 90% of the time [2]. To make better use of the spectrum, new techniques are
being developed, such as cognitive radio. In November 2002, the FCC released a report
aimed at improving the management of spectrum resources in the US [3]. The report
concluded that the current spectrum scarcity problem is largely due to the strict regulation
on spectrum access. The utilization of the spectrum can be improved by making use
of secondary user access of the spectrum. This requires awareness of the spectrum and
adapts its transmission accordingly on a non-interference basis. This is referred to as
Cognitive radio, also known as Dynamical Spectrum Access (DSA) techniques or Open
Spectrum Access (OSA). It was originally proposed by Mitola [4].
In general the idea is that a cognitive radio device senses the surrounding radio environ-
ment and transmits a signal only when the primary user is not using the frequency band,
thereby avoiding (or at least minimizing) interference to the primary user(s).
In this idea of cognitive radio, the principle is based on the assumption that if no trans-
mission is detected in a frequency band, the band is unused. However, there are spectrum
users that are always in receive mode. Such services can not be detected by the spectrum
sensing electronics of the cognitive radios. Besides radio astronomy, other applications
might also suffer from the followed approach.
The most common physical implementation of Cognitive Radio is using multi-carrier
based transmission techniques. It has been widely recognized as one of the best candidates
for Cognitive Radio. The most common multi-carrier transmission scheme is Orthogo-
nal Frequency Division Multiplexing (OFDM) [5]. OFDM has already been adopted in
many wireless standards, such as Digital Audio Broadcasting (DAB) and Digital Video
Broadcasting (DVB) to provide high data rate communication.
The spectrum efficiency of OFDM based signals is large, making it impossible for passive
users to share frequency bands. An example of a part of the spectrum with DAB and
DVB-T (DVB-Terrestrial) signals is given in Figure 1.
In this spectrum we observe some typical OFDM signals with a spread spectrum signal
covering the complete allocated bandwidth. These DVB-T signals are emitted with an
ERP value in the order of 10 kW. Radio astronomy obviously is not possible if the (pri-
mary and shared) radio astronomy bands are polluted with such strong signals, but even
signals with much lower powers are likely to also be detrimental as will be shown in
section 4.
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Figure 1: Spectrum from 30 MHz to 1 GHz measured within the LOFAR RFI measure-
ment campaign showing OFDM transmissions. This spectrum clearly shows nine DAB-T
and DVB-T channels in the VHF and UHF bands. Other prominent bands are the FM
band around 100 MHz and GSM around 950 MHz.
The bandwidth used for radio astronomy is often much larger than the protected or allo-
cated band - therefore we cannot claim RFI in the whole band. Radio Astronomy systems
achieve large sensitivity because of long integration times, large bandwidths (including
non-used bands allocated to other services on non-interference basis) and large effective
areas. Such operations are very vulnerable to RFI. There are various techniques to sup-
press RFI, but these are costly and often limited in effectiveness. For more information
on RFI suppression techniques we refer to [6, 7, 8, 9].
3 The spectrum use of radio astronomy
The most straightforward type of astronomical observation is that of the broad-band (con-
tinuum) radiation from cosmic sources. The study of the emissions, and their spectral
characteristics, is an important way of understanding high-energy mechanisms. An ex-
ample is synchrotron radiation originating from charged particles in stellar and interstellar
magnetic fields. To characterize the emission spectra, it is necessary to make observations
at many wavelengths. For this reason, radio astronomers use protected spectral windows
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at approximately octave spacings. The signal levels of astronomical sources is very low,
so the variation of power flux from a source is not significant. The main requirement is
to determine the power flux as accurately as possible. The sampling error of an estimated
mean value( for white noise characteristics) decreases as the square root of the number
of observations. This implies that the measurement precision will scale with the square
root of both the bandwidth, and the integration time of the measurement. This principle
allows variations in received power to be detected that are orders of magnitude below the
noise floor of the receiver.
Besides the continuum observations, also spectral line observations are done. For these
observations, it is generally the information contained in the spectral line that is of interest.
The most important spectral line is that of hydrogen, at 1420.4 MHz, which is protected
by an international passive primary allocation in the band 1400 to 1427 MHz.
The analysis of the Doppler characteristics of spectral lines allows the dynamic behavior
of the emitting source to be examined. In the expanding universe, the overall Doppler shift
(red-shift, z1) may also be used to determine the distance to the source. Due to the fact
that only a limited number of relatively narrow bands are allocated to radio astronomy,
only limited ranges of redshift can be observed.
To observe the hydrogen structures of the early universe, a new radio telescope will be
build in the Netherlands, called LOFAR [10, 11, 12]. One of the most exciting applica-
tions of LOFAR will be the search for red-shifted 21 cm hydrogen line emission from
the Epoch of Re-ionization (EoR). It is currently believed that the Dark Ages of the
Universe, the period after recombination when the Universe turned neutral, lasted until
around z= 20. Recent WMAP polarization results [13] suggest that there may have been
extended, or even multiple phases of Re-ionization, possibly starting around z∼ 15−20
and ending at z∼ 6. LOFAR can observe the red-shift range from z= 11.4 (115 MHz) to
z= 6 (180 MHz).
For radio astronomical research every spectral band is of interest. The spectrum however,
is used for many applications and will therefore be unusable for passive spectrum users.
Currently many unoccupied bands are still available for research in astronomy under a
no-interference no-protection basis. In densely occupied parts of the spectrum in popu-
lated areas, intelligent RFI mitigation techniques [6] may be needed to suppress RFI in
allocated radio astronomy bands, but these techniques usually are expensive and they al-
ways constitute data loss for the radio astronomy service. The pressure on more efficient
use of the spectrum by putting more users into the band obviously gives rise to problems
for research in astronomy, especially if no emphasis is given to the cleanliness of such
systems.
4 Harmful interference for radio astronomy
Interference levels are considered to be harmful to the Radio Astronomy Service when
the rms fluctuations of the system noise at the receiver output increase by 10% or more
due to the presence of interference (after integration). The International Telecommuni-
cation Union (ITU) has determined the spectral power flux thresholds for detrimental
interference in the frequency bands allocated to Radio Astronomy Service, listed in Rec-
1red-shift z = (
fe− fo
fo
), with fe the emitted frequency and fo the observed frequency
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ommendation ITU-R RA.769-2 for the spectral range 13 MHz to 265 GHz. These levels
can be approximated by the following functions [14]:
S=−259+18
√
| f −150|
4850
(1)
for continuum observations, and
S=−244+14
√
| f −327|
4500
(2)
for line observations, with f the frequency in MHz and S the maximum acceptable spec-
tral flux density in dBWm−2Hz−1.
The electrical power flux density Ψ at the radio astronomical antenna is, assuming free-
space path loss, calculated by
Ψ|dBWm−2Hz−1 = PERP|dBW−10log10(4pi)−20log10(d)
−10log10(∆ f ) (3)
where the logarithmic PERP is the transmitter Equivalent Radiated Power (ERP), d is the
path length (in m), and ∆ f is the bandwidth of the transmitted signal (in Hz). To get a
feeling of the numbers and the sensitivity of radio astronomical instruments, consider an
illegal transmitter emitting at 1420 MHz at a distance of 10 km with an ERP of 1 W, and
having a bandwidth of 1MHz (e.g. a Ultra-Wide-Band transmitter). With equation (3) this
gives a power flux density at the telescope receiver of −151 dBWm−2Hz−1. The maxi-
mum acceptable spectral flux density (equations (1,2)) is−237.2 and−249.9 dBWm−2Hz−1
for respectively spectral line and continuum observations. This means a difference of re-
spectively 86.2 dB and 98.9 dB !
In practice this means that radio astronomy research in bands used by active services is
not possible. A couple of remarks can be made:
• In the calculations we assume a free space propagation of the signals. In prac-
tice this is not always the case. Terrain, buildings, and vegetation, like trees, will
attenuate the signal more than assumed in the model.
• For larger distances there is no direct line of sight anymore.
• ITU-R RA.769-2 gives values for single dish observations and for Very Long Base-
line Interferometry (VLBI) observations. If VLBI interferometric systems an addi-
tional attenuation of 40 dB can be taken into account.
From this we can conclude, even taken practical issues into account, that spread-spectrum
signals (like OFDM-based cognitive radio) will cause major RFI for astronomical obser-
vations. Since Cognitive Radio devices are developed for a more efficient spectral use, in
practice that means that these frequency bands are lost for radio astronomical research if
used within the neighborhood of such instruments.
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5 Coexistance of Cognitive Radio and Radio Astronomy
From the calculations in the previous section it can be concluded that almost all interferers
will show up in the astronomical data. To mitigate the effect of RFI special RFI mitigation
techniques have been developed. One of the most obvious techniques is to delete the
frequency bins which contain the RFI signal, and in case the RFI signal is time division
multiplexed, the time slots including the RFI signals can be deleted. These techniques
have been successfully implemented in several radio observatories around the world (see
for instance [6]). A drawback of RFI mitigation techniques in radio astronomy is that they
usually are expensive as they require additional hardware and software, and they always
result in data loss for the Radio Astronomy observations. It should also be noted that the
effectiveness also has its limits. Observations in bands with time-continuous interference,
such as within analog TV-bands (between the main carrier and the color carriers) have
been done for distant, weak transmitters. However, in case of spread spectrum use, the
spectrum is used all the time in the whole frequency band. The levels are too high to
detect weak astronomical sources.
The answer to the main question of this paper is therefore clear: Cognitive Radio and
the use of spectrum for radio astronomical observations can not operate together in the
same band. In those frequency bands which are assigned to spread spectrum techniques
no significant astronomical observations can be done, in general the converse it also true.
That means that special precautions have to be taken to ensure simultaneous operation
of Cognitive Radio systems and radio astronomical research. One of the measures to be
taken is to comply with the existing ITU recommendations such as the RA769-2 for both
in-band and out-of-band emissions. Another measure is to restrict Cognitive Radio to a
limited number of bands.
Besides this allocation issue, also the out-of-band emission of the Cognitive Radio trans-
mitters is important. As calculated in the previous section, the difference between the
level of the interferer in the adjacent band and the maximum acceptable level for radio
astronomy is in the order of 80 to 100 dB. Standard OFDM-based radio systems have
an attenuation of out-of-band emission, which is insufficient to protect radio astronomy.
In [15] an implementation of an OFDM-based system is demonstrated with an out-of-
band attenuation of only 20 dB for adjacent channels. Another implementation of an
oversampled filter bank multicarrier system gives much better results with 40 dB atten-
uation in adjacent bands. The establishment of guard-bands provides a possible way to
obtain the attenuation in the bands allocated for passive spectral usage.
Of course the receiver system of the passive users must also be able to deal with strong
signals in the bands adjacent bands. This requires good filters and the suppression of
intermodulation products. For example in the current design of the LOFAR radio tele-
scope [10] so-called subband filters will select the required band of interest. These sub-
band filters are implemented digitally as poly-phase filters and obtain a stopband atten-
uation of more than 90 dB. The analog band selection filters have similar sideband sup-
pression levels. In order for Cognitive Radio to become a successful approach, Cognitive
Radio needs to develop filters with sufficient suppression levels for the sidebands and
guard bands.
To reduce the RFI even more, it is possible to introduce a higher level of control in Cog-
nitive Radio systems in which a zone of avoidance (protection zone) is implemented as
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well as phased-array techniques to reduce the radiation of power towards astronomical
instruments.
6 Conclusion and future research
Interference levels are considered to be harmful to the Radio Astronomy Service when the
rms fluctuations of the system noise at the receiver output increase by 10% or more due
to the presence of interference (after integration). In the ITU Recommendation ITU-R
RA.769-2 a list of bands with protection requirements are given. Calculations of inter-
ference levels of Cognitive Radio systems leads to the conclusion that those parts of the
spectrum used for Cognitive Radio applications cannot be used for radio astronomical
research. In this paper we suggest a number of approaches to be able to coexist. The
following issues should be considered.
For passive spectrum users, such as the radio astronomy service, to be able to continue
research in a world in which Cognitive Radio systems are present, certain parts of the
spectrum must remain allocated to passive users and sufficiently protected. Spectrum
allocation for Cognitive Radio should therefore be restricted to certain bands. Special
care must be taken to the levels of out-of-band emissions of Cognitive Radio, perhaps in
using guard bands. Higher order control of cognitive radio systems can help to reduce
RFI in specific (protected) zones.
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